Uterine artery ligation results in placental insufficiency and intrauterine growth restriction (IUGR).[@b1] Animal models have demonstrated that this insult is associated with a host of metabolic and haemodynamic abnormalities[@b2] and pathological outcomes are seen within respiratory,[@b3] cardiac,[@b4] renal,[@b5] vascular,[@b6] muscular,[@b7] pancreatic,[@b8] and neurological[@b9]--[@b12] development.

The uterine artery ligation model has been aimed at replicating findings seen in human IUGR, a complication that occurs in an estimated 5% of human pregnancies.[@b13] The most common cause of IUGR in developed countries is placental insufficiency,[@b14] which is an important aetiology in cerebral palsy (CP).[@b15],[@b16] IUGR in children results in significant neurological, behavioural, and cognitive abnormalities. In order to understand the mechanisms, outcomes, and treatments for pathology associated with placental insufficiency and growth restriction, an appropriate animal model is required.

In this systematic review, we examine the molecular, neurological, and behavioural outcomes in animal uterine artery ligation experiments and relate these results to findings in human studies of IUGR. Our goal is to explore uterine artery ligation research in the several animal species that have been studied in order to provide a portrait of our current understanding of the outcomes of this model. This will allow us to assess the current validity of uterine artery ligation as a model of CP. In addition, it provides a basis for future research to explore and clarify deficits resulting from this injury, in the context of the current knowledge presented here. This will provide an opportunity to study the outcome of therapeutic approaches.

We explore multiple neuroanatomical outcomes of uterine artery ligation. This involves evaluation of resulting deficits in cellular populations such as neurons and their axons, mature and premature oligodendrocytes, and astrocytes. We outline the current understanding of region-specific outcomes, describe the molecular and biochemical mechanisms underlying these deficits, and explore the behavioural outcomes involving memory, cognition, and motor function.

Method
======

This literature search was conducted using the PubMed database. The following search was conducted within 'title/abstract' using the PubMed advanced search builder: 'uterine' AND 'ligati\*' AND \['behav\*' OR 'brain' OR 'neuro\*' OR 'cereb\*'\]. This search, conducted in July 2013, included papers published between 1990 and 2013 and yielded a total of 62 peer-reviewed papers (Fig.[1](#fig01){ref-type="fig"}). The abstracts and titles of these papers were assessed to identify if they did indeed look at the uterine artery ligation model; those that did not were excluded. This resulted in the exclusion of all human research involving such topics, for example hysterectomy and hypogastric artery ligation, as well as irrelevant research in animals. Only research articles that explored neurological or behavioural outcomes were included; thus, research on uterine artery ligation outcomes on cardiac, respiratory, musculoskeletal, renal, and other systems were excluded. A total of 25 peer-reviewed research publications met our criteria and were included in this review (Table[I](#tbl1){ref-type="table"}).

###### 

A summary of results of publications in this review

  Authors                                                                                                                                           Year   Major outcomes of uterine artery ligation
  ------------------------------------------------------------------------------------------------------------------------------------------------- ------ --------------------------------------------------------------------------------------------------------------------
  Reid et al.[@b1]                                                                                                                                  2012   Oligodendrocyte differentiation was delayed until adulthood
  MBP4 expression was upregulated in early life but normalized in adulthood                                                                                
  Adult females demonstrated behavioural deficits                                                                                                          
  Oxidative stress resulted in BMP4 upregulation and subsequent delayed myelination                                                                        
  Delcour et al.[@b9]                                                                                                                               2012   There was white matter damage and deficits in myelination
  Astrogliosis, neuronal cell loss, and axonal degeneration occurred within white matter                                                                   
  There was normal neuronal density within the hippocampus and cingulate cortex                                                                            
  There were also behavioural deficits in locomotor and sensorimotor function, short-term memory, information coding, and sensory gating function          
  Spatial and working memory were spared                                                                                                                   
  Rehn et al.[@b10]                                                                                                                                 2004   Brain weight and basal ganglia volume were decreased
  Lateral ventricles were enlarged                                                                                                                         
  Catecholamine expression was unaffected                                                                                                                  
  Prepulse inhibition was reduced into adulthood                                                                                                           
  Delcour et al.[@b11]                                                                                                                              2012   There was white matter damage within the corpus callosum, brainstem, hippocampus, and somatosensory cortex
  But white matter was spared within the motor cortex                                                                                                      
  Motor maps were abnormal within the somatosensory cortex but were spared within the motor cortex                                                         
  Spasticity and hyperactivity were present                                                                                                                
  There were short-term memory deficits                                                                                                                    
  Mallard et al.[@b12]                                                                                                                              2000   Neuronal density within CA1 and the cerebellum was reduced
  Volume of cerebellar white matter was reduced                                                                                                            
  Fung et al.[@b14]                                                                                                                                 2012   There were reduced neuronal density and immature oligodendrocytes with astrogliosis in the hippocampus
  ErbB-R expression was increased within the hippocampus                                                                                                   
  Tolcos et al.[@b18]                                                                                                                               2011   There was reduction in white matter in fetuses but not into adulthood
  Myelinating oligodendrocytes (MBP, MAG, PLP) were reduced but normalized postnatally                                                                     
  Turner and Trudinger[@b19]                                                                                                                        2009   Body weight was reduced
  There was a relative sparing of brain size                                                                                                               
  Dieni and Rees[@b20]                                                                                                                              2005   BDNF expression was reduced and TrkB expression was increased in the hippocampus
  BDNF and TrkB expression in cerebellum were unaffected                                                                                                   
  Catteau et al.[@b21]                                                                                                                              2011   Birthweight was reduced
  There was aberrant expression of vascular endothelial growth factor and NMDA receptors                                                                   
  Olivier et al.[@b22]                                                                                                                              2005   There were increased numbers of microglial cells and astrogliosis within the cingulate cortex and internal capsule
  There was preoligodendrocyte apoptosis and subsequent scarcity                                                                                           
  Hypomyelination was present until adulthood                                                                                                              
  Tashima et al.[@b24]                                                                                                                              2001   There was abnormal neuronal migration within the cerebral cortex
  There were locomotor deficits in adult male rats but not in female rats                                                                                  
  Mallard et al.[@b25]                                                                                                                              1999   Cerebral ventricles were enlarged
  The cerebral cortex and hippocampal size were reduced                                                                                                    
  Olivier[@b27]                                                                                                                                     2007   There was white matter damage, increased microglia, and astrogliosis
  There was a reduction in preoligodendrocytes and myelination delay                                                                                       
  Uysal[@b29]                                                                                                                                       2008   Inducible NOS and p53 within the cortex were increased
  Inducible NOS and endothelial NOS were increased and Bcl-2 expression decreased within the ventricular zone                                              
  Lane et al.[@b30]                                                                                                                                 2001   Bcl-2 expression was decreased within the cortex
  Bcl-2-associated X protein and caspase-3 activity were unaffected                                                                                        
  Ke et al.[@b31]                                                                                                                                   2005   There was increased p53 expression
  Expression of murine double minute 2 was reduced                                                                                                         
  Olivier et al.[@b37]                                                                                                                              2009   Microglial activation and astrogliosis were present
  There was a reduction in and delayed maturation of oligodendrocytes                                                                                      
  Tolcos and Rees[@b38]                                                                                                                             1997   There were increased astrocyte populations within the vagus, nucleus tractus solitarius, and brain stem
  Nitsos and Rees[@b39]                                                                                                                             1990   Hypomyelination was present within the cerebral cortex, corpus callosum, and cerebellum
  There was astrocytosis within the cerebral cortex but not the cerebellum                                                                                 
  Delayed myelination and hypomyelination were present but the total neuronal fibre count was unaffected                                                   
  Tatli et al.[@b42]                                                                                                                                2007   There was lipid peroxidation and oxidative damage within the cerebellum and cerebral cortex
  Dieni and Rees[@b45]                                                                                                                              2003   Dendritic branching patterns were reduced and abnormal within the hippocampus
  Nishigori et al.[@b46]                                                                                                                            2008   There was abnormal expression of BDNF and TrkB throughout the brain
  Schober et al.[@b49]                                                                                                                              2009   The hippocampi of males had a reduced NR1 expression and NR2A:NR2B ratio
  There was reduced MBP within the hippocampus                                                                                                             
  O\'Grady et al.[@b61]                                                                                                                             2010   There was an increased level of serum testosterone and reduced levels of hippocampal aromatase expression in males

BDNF, brain-derived neurotrophic factor; BMP, bone morphogenetic protein; MAG, myelin-associated glycoprotein; MBP, myelin basic protein; NMDA, *N*-methyl-D-aspartate; NOS, Nitric oxide synthase; PLP, proteolipid protein; TrkB, tyrosine kinase receptor.
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Results
=======

The injury and gross outcomes
-----------------------------

Uterine artery ligation was first described by Wigglesworth[@b17] in pregnant rats. The pregnant females were deeply anaesthetized and then the uterine artery was ligated bilaterally or unilaterally on embryonic day 17 (E17)[@b9] or day 19 (E19).[@b1],[@b14] This period represents the onset of rapid fetal growth and corresponds to the beginning of the third trimester in human pregnancy.[@b17] Uterine artery ligation was performed at mid-gestation (28--30d) in guinea pigs[@b18]--[@b20] and at embryonic day 13 (E13) in mice.[@b21]

The closer the fetus is to the ligation, the more significant the effect of the insufficiency and growth restriction. This leads to a gradient in the fetal size, with the smallest rats being closest to the ligation site and the largest being more distal.[@b17],[@b22],[@b23] Reduced body weight was observed until postnatal day 21 (PN21) in rats[@b24] and until PN10 in mice.[@b21] In rats, placental insufficiency did not result in a concomitant reduction in brain weight and, thus, resulted in an increased ratio of brain weight to body weight.[@b24] In guinea pigs fetuses with placental insufficiency, there was a significant reduction in whole brain weight, but this reduction was less than that seen in body weight.[@b18]--[@b20] Thus, there was a relative sparing of the brain in this model. Ventriculomegaly[@b25] and reduction in basal ganglia volume were observed within fetal and week 12 guinea pigs.[@b10] Several studies have demonstrated that both behavioural and neurological deficits correlate with severity of growth restriction.[@b9],[@b14]

Neuronal cell death and neuron density
--------------------------------------

Placental insufficiency resulted in neuronal cell death within several brain regions (Table[II](#tbl2){ref-type="table"}). Degenerative neural cell bodies have been found within the hippocampus (CA3 region) and within the medial and lateral entorhinal cortex, and the cingulate cortex of adult rats with placental insufficiency.[@b9] Although there was reduced neuron density in the medial and lateral entorhinal cortices,[@b11] the height of these cortices was not reduced.[@b9] Neuron density was not reduced in other brain regions that demonstrated degenerative neural cell bodies. The parietal cerebral cortex experienced neuronal cell loss at E21 and persisted at 10 weeks after birth.[@b24] Significant cell death occurred at PN3 within the white matter of rats with placental insufficiency.[@b22]

###### 

A summary of neuroanatomical deficits resulting from uterine artery ligation. Changes in cell populations and brain regions are outlined

  Neuroanatomical deficit                                                                             Outcomes in uterine artery ligation
  --------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------
  Neuronal cell death                                                                                 Hippocampus (CA3 and dentate gyrus)
  Medial and lateral entorhinal cortex                                                                
  Cingulate cortex                                                                                    
  Parietal cerebral cortex                                                                            
  White matter                                                                                        
  Cerebellum                                                                                          
  Astrogliosis                                                                                        Hippocampus
  Medial and lateral entorhinal cortex                                                                
  Cingulated cortex                                                                                   
  Brain stem (dorsal motor nucleus of vagus and nucleus tractus solitarius)                           
  White matter                                                                                        
  Gross region size                                                                                   Medial and lateral entorhinal cortices were unaffected
  Motor cortex was unaffected                                                                         
  Somatosensory cortex was reduced in height                                                          
  There was reduced hippocampal volume                                                                
  There was reduced corpus callosum thickness                                                         
  Motor cortex                                                                                        No abnormalities present in astrocyte activation, axonal integrity, or cortical maps
  Somatosensory cortex                                                                                Cellular degeneration, astrogliosis, and white matter damage were present
  There was inhibitory GABAergic interneuron death                                                    
  There was an abnormal somatosensory map                                                             
  There was an abnormal stratification of cortical structures                                         
  Hippocampus                                                                                         The oligodendrocyte progenitor population was unaffected within the dentate gyrus and CA3
  There was abnormal dendritic morphology                                                             
  White matter injury                                                                                 There was arrest of oligodendrocyte precursor maturation
  Hypomyelination occurred within the spinal cord, cerebral cortex, corpus callosum, and cerebellum   
  The number of mature oligodendrocytes was reduced                                                   
  There was no reduction in the number of oligodendrocyte precursors                                  
  There was a reduction in MBP                                                                        
  Degenerating axons were present                                                                     
  There was poorly organized myelination with thinner myelin sheath                                   

MBP, myelin basic protein.

Although neuronal density within the CA1 region of the hippocampus was not reduced within PN21[@b26] and adult rats, degenerating neurons[@b9] and neuronal apoptosis[@b11] were present. However, the neuronal population was reduced in the CA1 and CA3 regions in PN0 male rats.[@b14] Neuron numbers within the dentate gyrus were decreased in PN0 female rats. Similarly, in fetal guinea pigs with placental insufficiency, there was a reduction in neuron number in the hippocampus and cerebellum.[@b12] Existing cells demonstrated abnormal axon and dendrite growth.

The severity of neuron density loss within white matter was correlated with the extent of growth restriction. Placental insufficiency in rats with moderate growth restriction did not result in increased cell death within the white matter at PN3.[@b27] However, levels of apoptosis were significantly higher in rats with severe restriction than in control rats.

Bcl-2 is an important anti-apoptotic protein, while p53 is an pro-apoptotic protein (Table[III](#tbl3){ref-type="table"}).[@b28] Studies of rats with placental insufficiency at birth demonstrated reduced Bcl-2 expression in the ventricular zone[@b29] and reduced Bcl-2 mRNA levels.[@b30] However, p53 (mRNA and protein) and activated phospho-p53 were upregulated within the cortical zone, CA1 region, subcortical and periventricular white matter, and the amygdala.[@b29],[@b31] Under physiological conditions, p53 should result in murine double minute 2 transcription, which functions to attenuate the apoptotic effect of p53.[@b32] In contrast, rats which had suffered placental insufficiency had reduced levels of murine double minute 2 expression at birth.[@b31]

###### 

A summary of changes in molecular expression as a result of uterine artery ligation

  Molecule                     Function                                                    Expression in uterine artery ligation
  ---------------------------- ----------------------------------------------------------- ---------------------------------------------------------------------------------------------------
  Bcl-2                        Anti-apoptotic protein                                      Reduced (ventricular zone)
  p53                          Pro-apoptotic protein                                       Increased (cortical zone, CA1 region, subcortical and periventricular white matter, the amygdala)
  Phosphor-p53                 Pro-apoptotic protein                                       Increased (cortical zone, CA1 region, subcortical and periventricular white matter, the amygdala)
  Murine double minute 2       Mitigates apoptosis due to p53                              Reduced
  Bcl-2-associated X protein   Pro-apoptotic protein                                       Increased
  Caspase-3                    DNA fragmentation                                           Increased
  Inducible NOS                Cerebral pathology associated with apoptosis                Increased (parietal cerebral cortex, ventricular zone)
  Endothelial NOS              Cerebral pathology associated with apoptosis                Increased (ventricular zone)
  BDNF                         Support of neuronal survival, differentiation, and growth   Reduced (hippocampus)
  TrkB receptor                Activated by BDNF to support neuronal growth/development    Reduced (hippocampus)
  ErbB3 receptor               Cellular differentiation and proliferation                  Reduced (hippocampus)
  NMDA receptor subunits       Cognitive and memory development                            Reduced NR1 expression and NR2A--NR2B ratio (hippocampus)

Bcl-2, B-cell lymphoma 2; BDNF, brain-derived neurotrophic factor; NMDA, *N*-methyl-D-aspartate; NOS, nitric oxide synthase; TrkB, tyrosine kinase receptor.

Increased Bcl-2 expression due to placental insufficiency resulted in increased vulnerability to subsequent hypoxia-induced apoptosis. At birth, hypoxia following placental insufficiency resulted in increased levels of lipid peroxidation, Bcl-2-associated X protein mRNA expression, and caspase-3 activity.[@b30] (Bcl-2-associated X protein is a mitochondrial-associated pro-apoptotic protein[@b33] and caspase-3 is involved in DNA fragmentation.[@b34],[@b35]) These markers of apoptosis were not increased in placental insufficiency or hypoxia alone.

Nitric oxide synthase (NOS) plays an important role in cerebral pathology. Placental insufficiency injury results in the upregulation of calcium-independent inducible NOS in the parietal cerebral cortex and ventricular zone at birth.[@b29] Endothelial NOS is upregulated within the ventricular zone of these rats. It is likely that this activation of NOS played an important role in the apoptosis observed within the brains of rats with placental insufficiency.

Astrogliosis
------------

Astrogliosis was activated in hypoxia--ischaemia models.[@b36] Uterine artery ligation resulted in astrogliosis within the hippocampus, medial and lateral entorhinal cortex, and cingulate cortex at PN14 and into adulthood in rats with placental insufficiency.[@b9],[@b11],[@b37] The reactive astrocytes in these rats had larger cell bodies and more processes than control rats.[@b37] The extent of astrogliosis was correlated with the severity of growth restriction. Rats with severe restriction (mass more than 2SD below the mean) had more significant astrogliosis within the cingulum than rats with moderate restriction (mass between 1SD and 2SD below the mean).[@b27] Astrogliosis persisted until PN21 in rats with severe restriction, but only until PN14 in rats with moderate restriction.[@b27] Fetal guinea pigs with placental insufficiency demonstrated increased astrocytes within the brain stem (dorsal motor nucleus of vagus, and nucleus tractus solitarius)[@b38] and white matter.[@b18],[@b39] Astrogliosis was transient in guinea pigs, as it was in rats. Indeed, astrogliosis within the white matter of 60 day\'s gestation guinea pig fetuses resolved by week 1.[@b10],[@b18] However, other studies demonstrated persistent astrogliosis into adulthood.[@b9]

Specific studies of astrocyte populations within the hippocampus revealed increased levels of astrocytes within the dentate gyrus but a reduction in astrocytes within the CA3 region in male rats at PN0.[@b14] In contrast, a study of male PN21 rats demonstrated increased astrocyte density within the CA3 region.[@b26] However, in both sexes at PN0, there was no difference in hippocampus astrocyte number between the control rats and rats with placental insufficiency.[@b14]

Oxidative damage
----------------

The brain, and especially oligodendrocytes, are particularly susceptible to oxidative damage.[@b1],[@b40],[@b41] This damage occurs when there is an imbalance in the free radical production and processes involved in free radical scavenging. Indeed, several markers of oxidative damage were observed within PN60 rats with placental insufficiency.[@b42] There was an elevation in serum lipid peroxidation levels and protein oxidative damage within the cerebral cortex and cerebellum. There was a concomitant reduction in the activity of catalase and superoxide dismutase, both of which are important antioxidant enzymes.

Melatonin has been shown to have neuroprotective effects and it functions as an antioxidant. One study demonstrated that, in rats with placental insufficiency, myelination defects within the cingulate white matter were attenuated in animals with moderate growth restriction that were treated with melatonin.[@b37] There was an increased density of myelin basic protein (MBP) immunoreactivity and improved organization and compaction of myelin sheets within these animals. Oligodendrocyte maturation was promoted, increasing the number of mature oligodendrocytes. In addition, this treatment reduced the activation of microglia resulting from placental insufficiency injury. However, melatonin did not appear to affect brain weight or oligodendrocyte proliferation.

Motor and somatosensory cortices
--------------------------------

In adult rats with placental insufficiency, there seemed to be no abnormalities within the primary motor cortex anatomy. Indeed, neuronal density in these rats was similar to that in control animals and no astrocyte activation was detected.[@b11] In addition, the primary motor cortex in these rats did not show axonal degeneration. The height of the motor cortex was equivalent to that seen in comparison animals.[@b11] Evoked potentials were degraded in the motor cortex at PN10 but not at PN21, which was probably due to plasticity. Cortical maps within the primary motor cortex were not affected by placental insufficiency injury.

In contrast, the somatosensory cortex and parietal cerebral cortex were significantly damaged by placental insufficiency. In adult rats, the height of the somatosensory cortex was reduced when compared with control rats.[@b11] This region underwent cellular degeneration, astrogliosis, and white matter damage (WMD).[@b11] There was an increase in apoptotic neurons and a reduction in neuronal cell density, particularly of inhibitory GABAergic interneurons. It is likely that this lack of inhibitory signalling explains the increased size of receptive fields within the somatosensory cortex of rats with placental insufficiency. The topography of the somatosensory map of the lower limbs in these rats was found to lose its organization.[@b11] At PN7 and PN49, there was a lack of the normal stratified structure of the parietal cerebral cortex.[@b24]

Hippocampal injury
------------------

The hippocampus was found to be particularly sensitive to metabolic injury in fetal development.[@b43],[@b44] Fetal guinea pigs with placental insufficiency had reduced hippocampal volume.[@b25] Placental insufficiency resulted in a significant reduction in the volume and number of neurons within the dentate gyrus of female rats at PN0.[@b14] In male rats, neuron volume and number were significantly reduced in the CA1 region.[@b14] There were also changes to astrocyte populations within the hippocampus, as discussed in the section 'Astrogliosis', above. However, placental insufficiency did not alter the number of oligodendrocyte progenitors within the dentate gyrus or CA3 region in PN0 rats. There was an increase in the number of oligodendrocytes within the CA1 of female rats but a decrease within the CA1 of male rats. At PN21, oligodendrocyte density was decreased in the CA1, CA3, and dentate gyrus of male rats.[@b26] This reduction in oligodendrocytes was not significant in female PN21 rats.

Dendrites within the hippocampus of guinea pig fetuses with placental insufficiency demonstrated abnormal morphology. Within the CA1 region, there was a significant reduction in dendritic elongation and an abnormal distribution of basal arbour branch point.[@b45] Within both the dentate gyrus and CA1 regions, there was a significant reduction in dendritic outgrowth and a compensatory increase in dendritic spine density.[@b45]

Within the hippocampus of guinea pig fetuses with placental insufficiency (60d gestation), there was a reduction of brain-derived neurotrophic factor (BDNF) and a reactive increase in tyrosine kinase receptor (TrkB).[@b20] This reduction in BDNF as a result of hypoperfusion was also seen in studies in sheep.[@b46] BDNF was involved in cell growth and survival via activation of TrkB. BDNF reduction was associated with reduction in neuropil growth.[@b20]

Placental insufficiency also affected the expression of ErbB3 receptors, which play an important role in the development of neural stem cells into neurons and glial cells.[@b47] ErbB3 receptor expression was reduced at PN21 in male and female rats.[@b14]

*N-*methyl-D-aspartate (NMDA) receptors play an important role in neurodevelopment and cognition. The activity of NMDA receptors facilitates stabilization of neuronal networks within the hippocampus that are important for learning and memory.[@b26],[@b48] Hypoxic--ischaemic injury resulted in neurotoxic cell death via overactivation of NMDA receptors. NR1, NR2A, and NR2B are subunits of the NMDA receptor that have been found to be altered by placental insufficiency.[@b49] Specifically, NR1 expression and NR2A--NR2B ratio were reduced in the hippocampus of rat males at PN21. Previous work has demonstrated that an increase in the NR2A--NR2B ratio is important to the development of cognitive processes.[@b50] Thus, cognitive deficits in rats with placental insufficiency may partly result from the reduction in this ratio.

White matter injury
-------------------

White matter injury in uterine artery ligation involves damage to oligodendrocytes and defects in myelination and astrogliosis.[@b51] The oxidative stress associated with injury is believed to disrupt oligodendrocyte maturation, partly because of changes in the oligodendrocyte gene expression[@b41] and an increase in bone morphogenetic protein (BMP).[@b1] Hypoxia/ischaemia and inflammatory and excitotoxic outcomes were associated with this oxidative stress.[@b52]

Oligodendrocyte precursors, which form white matter in the central nervous system, have been shown to be particularly susceptible to hypoxic and oxidative injury.[@b1],[@b41] This was a result of their low levels of endogenous glutathione and antioxidant enzymes,[@b41],[@b51] as well as the expression of Ca^2+^-permeable *α*-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors on the soma and NMDA receptors on processes.[@b53] Uterine artery ligation during the perinatal period affected early brain development with oligodendrocyte precursors[@b54] and can cause their maturation to arrest.[@b55] As oligodendrocytes matured, they became less susceptible to oxidative damage.

Myelination defects after uterine artery ligation were found within the corpus callosum and the cingulate white matter at PN14 in rats with placental insufficiency.[@b37] The severity of hypomyelination was correlated with the extent of growth restriction. Similarly, fetal guinea pigs with placental insufficiency (52d gestation, 62d gestation) demonstrated reduced myelination in the spinal cord, cerebral cortex, corpus callosum, and cerebellum.[@b39] Myelination increased between 52 and 62 days\' gestation in control guinea pigs, but remained reduced in guinea pigs with placental insufficiency.[@b39]

Histological studies in the rat model of uterine artery ligation have demonstrated that rats with growth restriction have decreased numbers of total oligodendrocytes and significantly reduced numbers of myelinating axons at PN14 compared with control rats.[@b1],[@b22],[@b37] This injury caused a reduction in both MBP[@b1] and mature oligodendrocytes.[@b37] However, there seemed to be no significant reduction in the number of oligodendrocyte precursors or an increase in cell death in these animals. Thus, although there was a reduction in mature oligodendrocytes, the level of oligodendrocyte precursors remained normal.[@b56],[@b57] Significant astrogliosis, involving hypertrophy and hyperplasia, was also present within the corpus callosum[@b1],[@b9],[@b11],[@b12] and cingulate white matter,[@b9] as seen in models of white matter disease.[@b51],[@b55] However, there seemed to be significant reversal of white matter injury, as differences between animals with placental insufficiency and sham animals are reduced at PN21 and insignificant at 8 weeks.[@b1] In contrast other studies have demonstrated persistent myelination deficits in adult rats.[@b22],[@b37]

Similar to findings in rats, guinea pig studies demonstrated transient effects of placental insufficiency on white matter. In IUGR fetuses (60d gestation), there was significant reduction of white matter volume[@b12],[@b18] and markers of early myelinating oligodendrocytes (MBP, MAG, PLP).[@b18] However, total oligodendrocyte number was increased at this stage. The effects of placental insufficiency on white matter volume were normalized at 1 week and 8 weeks, although corpus callosum thickness remained reduced into adulthood.

Moderate growth restriction and severe growth restriction had significantly different long-term outcomes in white matter in rats with placental insufficiency.[@b27] Severe growth restriction led to more significant and prolonged angiogenesis (until PN3 in animals with moderate growth restriction and until PN7 in animals with severe growth restriction). At PN7, preoligodendrocyte populations and MBP immunoreactivity were reduced in rats with moderate restriction, and even more so in rats with severe restriction. However, PN14 rats with moderate restriction had greater numbers of preoligodendrocytes and mature oligodendrocytes than control rats. This increase was a result of oligodendrocyte proliferation (5-bromo-2′-deoxyuridine immunoreactivity) within the white matter (corpus callosum, cingulum, and subventricular zone) of rats with moderate restriction. Indeed, at PN14 and into adulthood, rats with moderate restriction showed no difference in MBP immunostaining compared with control rats. In contrast, rats with severe restriction continued to demonstrate lower levels of oligodendrocytes and MBP-positive fibres within white matter into adulthood. In a 'double hit' protocol using uterine artery ligation and intracerebral ibotenate (NMDA antagonist) injection, moderate growth restriction was found to be neuroprotective against excitotoxic white matter lesions at PN10.[@b27] Similarly, mice with placental insufficiency that were injected with ibotenate at PN2 experienced less cortical damage and WMD than comparison mice.[@b21] However, rats with placental insufficiency were not protected, compared with sham animals, when injected with ibotenate at PN10. This suggests a transient neuroprotective effect of moderate IUGR.

On a more gross scale, fetal guinea pigs with placental insufficiency had reduced cross-sectional corpus callosum and striatum area.[@b25] In rats with placental insufficiency, the thickness of the corpus callosum was found to be reduced into adulthood.[@b9],[@b11] Degenerating axons were found within the corpus callosum, white matter of the cingulate cortex, somatosensory cortex, pontocerebellar tract, and the internal and external capsules.[@b9],[@b11] Rats with more significant growth restriction demonstrated more degenerating axons. However, axonal degeneration was not present within the corticospinal tract of the rat brain.[@b11]

Electron microscopy of the cingulate gyrus in rats with placental insufficiency demonstrated poorly organized myelination. The existing myelin was uncompacted and swollen axons were present.[@b37] Similar studies in fetal guinea pigs with placental insufficiency revealed a reduction in total number of myelinating fibres.[@b39] Existing myelin produced significantly thinner myelin sheaths relative to axon thickness. There was also a significant delay in corticospinal tract myelination and a reduction in corticospinal tract cross-sectional area in these animals.[@b39]

Bone morphogenetic protein (BMP) inhibited oligodendrocyte differentiation and promoted formation of astrocytes.[@b58] Indeed, at birth BMP levels decreased physiologically to allow for oligodendrocyte maturation.[@b58] BMP is upregulated in models of demyelination in both neonatal and adult disease.[@b59],[@b60] BMP4, a BMP isoform, was significantly elevated in rats with placental insufficiency compared with sham animals at PN14 but not at 8 weeks.[@b1] It is likely that these elevated levels of BMP4 resulted in the differentiation arrest of oligodendrocytes. The normalization of BMP4 into adulthood allowed previously arrested oligodendrocyte processors to mature and achieve normal myelination in adulthood.

Sex differences
---------------

Studies have demonstrated that male and female brains respond differently to placental insufficiency, as exemplified by the hippocampus.[@b14] NMDA receptor expression and oligodendrocyte density in the hippocampus were more significantly affected by placental insufficiency injury in male than in female rats.[@b49] A possible explanation for these differences involves differential hormonal expression in male and female rats affected by IUGR. For example, male IUGR rats at PN0 had an increased level of serum testosterone but reduced levels of hippocampal aromatase expression.[@b61] Thus, it is likely that the CA1 and CA3 regions within the male brain would develop under an abnormal testosterone--oestradiol imbalance.

Behavioural deficits
--------------------

Neurobehavioural deficits were an important part of an accurate model of IUGR (Table[IV](#tbl4){ref-type="table"}). Rats with uterine artery ligation were found to have decreased strength and coordination at P14.[@b1] Although these deficits persisted into adulthood, the difference between placental insufficiency and sham animals was decreased. Thus, even though myelination may normalize into adulthood, behavioural deficits remain.

###### 

Behavioural deficits detected with uterine artery ligation

  Motor                                                                     Cognitive/memory
  ------------------------------------------------------------------------- -----------------------------------------------------------------------------------
  Motor hyperactivity and decreased strength and coordination are present   Deficits are present in short-term memory, spatial encoding, and long-term memory
  There is a deficit in prepulse inhibition                                 There is reduced object recognition
  There are mild gait and posture abnormalities                             Working and reference memory are not affected

Rats with placental insufficiency demonstrated motor hyperactivity and spontaneous exploration in an open field.[@b9],[@b11] It is likely that this partially resulted from damage seen within the CA1 region of the hippocampus[@b9],[@b62] and increased inhibition of the prefrontal cortex.[@b11] In week 12 guinea pigs with placental insufficiency, there was a deficit in prepulse inhibition which related to sensorimotor gating deficits observed in human patients.[@b10]

This injury resulted in deficits in short-term memory, spatial encoding, and long-term memory. Object recognition memory was also impaired in adulthood and correlated with increased prefrontal inhibitory GABAergic neuron density.[@b11] Spatial deficits were related to WMD.[@b9] Deficits in memory were related to damage in the hippocampus[@b11] and parahippocampal[@b9] regions. The severity of behavioural and cognitive deficits was found to correlate with the extent of growth restriction (indicated by birthweight).[@b9] However, working memory and reference memory did not seem to be affected in this model. This may be related to the maintained neuronal density within the hippocampus, which may have compensated for abnormalities within the prefrontal cortex.

Rats with placental insufficiency at PN65 demonstrated mild abnormalities in gait and posture when compared with control rats.[@b11] Muscle hypertrophy at the level of the myofibril and lower limb velocity-dependent resistance to passive motion was observed in these rats.[@b11] At PN49, male rats with placental insufficiency demonstrated locomotor disturbances on an open field while females do not.[@b24]

Discussion
==========

Cerebral palsy has recently been defined as 'a group of permanent disorders of the development of movement and posture ... attributed to non-progressive disturbances in the developing fetal or infant brain\'[@b63] '... often accompanied by disturbances of sensation, perception, cognition, communication and behavior ...'.[@b64] In this review, we have yielded a comprehensive perspective of behavioural and neurological outcomes of uterine artery ligation in the animal model that significantly reflects that seen in CP in the human.

While the aetiologies for CP in humans are broad, and it is likely that no single animal model can reflect all of the causes and pathological markers of this disorder, there are many parallels between the uterine artery ligation model in the rodent, and the behavioural and anatomical outcomes seen in the newborn human infant.[@b65],[@b66]

In this regard, it has been clearly shown that the majority of insults resulting in the CP phenotype occur before the onset of labour and delivery.[@b67],[@b68] Moreover, the underlying aetiology for CP is frequently associated with a final common pathway leading to vascular insufficiency of the fetus.[@b69] In addition, there is a sex bias in children with CP, with males being more significantly affected than females.[@b69]--[@b71] The latter is observed more frequently in animal models of CP and in those utilizing the uterine ligation model.[@b72] Although no one aetiological factor is uniquely associated with CP, several 'risk factors' consistently yield a higher incidence of CP in the epidemiology literature. Badawi et al.[@b73] found a 40-fold increase in terminal hypoxic insults in newborn infants with fetal growth restriction. Dahlseng et al.[@b16] and others[@b74],[@b75] have similarly found significant correlations between fetal growth in the newborn infant and the risk of CP.

Human infants who are small for gestational age demonstrate reduced body weight and brain weight, as do animal models.[@b76] Although there are a number of underlying causes for growth restriction in humans in developing countries, placental insufficiency is certainly the most common cause of IUGR, and is associated with significant fetal and infant morbidity and mortality.[@b77] Placental insufficiency, visualized on antenatal Doppler scanning, has been shown to be associated with reductions in cortical grey matter volume and overall brain volume on magnetic resonance imaging.[@b77] These findings are suggestive of an anatomical biomarker of IUGR secondary to placental insufficiency, with later developmental disabilities. In animal models of uterine artery ligation, both diffuse brain mass reduction and specific brain region volume deficits have been shown, which correlate with the human condition.

Infants with CP have reduced attention--interaction capacity, as do children who were growth restricted at birth. Studies in humans have now begun to recognize the overlapping nature of several of growth restriction, CP, and developmental disabilities including attention deficit and even autism.[@b62],[@b78]--[@b82] As it is well known that white matter injury is the recognized anatomical hallmark associated with CP in preterm or term-born children,[@b83]--[@b87] the further association of abnormalities in human connectivity with behavioural and mental health and fetal growth restriction is yet another link tying these disorders together, highlighting the relevance of the placental insufficiency and growth restriction models. Eixarch et al.[@b88] studied IUGR in fetal rabbits with diffusion tensor imaging after birth and found indications of abnormal connectivity and significant abnormalities of the grey and white matter, as measured by fractional anisotropy. In humans, abnormalities of white matter connectivity have been found in attention-deficit--hyperactivity disorder and autism, again providing evidence that white matter abnormalities arising from birth are a common theme amongst the developmental disabilities, of which CP is the recognized hallmark.[@b89]--[@b91] Uterine artery ligation as a result of placental insufficiency produces both motor and cognitive deficits, including deficits of working memory, spatial encoding, and hyperactivity.

In the animal model of growth restriction caused by uterine artery ligation, WMD is an important outcome. Diffuse WMD has been demonstrated within the corpus callosum, brain stem, hippocampus, and somatosensory cortex. These brain regions are hypomyelinated and have a reduced number of oligodendrocytes. Existing myelin in these brains is thin and aberrantly organized. Preterm infants with WMD present with cognitive, behavioural, and neurodevelopmental abnormalities.[@b85],[@b92]--[@b94] Associated deficits in working memory, short-term memory, and long-term memory are also demonstrated within animals with placental insufficiency.

Spastic diplegia and abnormal networks within the somato-motor attention areas are observed in humans.[@b87] The extent of WMD in affected infants correlates with the severity of impairments in planning, cognitive flexibility, and hyperactivity.[@b95] Interestingly, this correlates with the significant deficits observed in animal somatosensory cortex after placental insufficiency, with sparing of the motor cortex. Abnormal somatosensory mapping and stratification is an important outcome. Within this region there is also significant cellular degeneration and astrogliosis.

Studies involving functional magnetic resonance imaging in children with CP demonstrate abnormal activity within the parietal somatosensory cortex and cortical areas involved in goal-directed behaviour.[@b96] It is likely that this activity underlies deficits in tactile discrimination and shape recognition. Abnormal somatosensory activation is thought to contribute to motor deficits in CP. Behavioural testing in the uterine artery ligation model has also demonstrated deficits in object recognition and spatial reasoning.

Conclusion
==========

The neurological outcomes of placental insufficiency in uterine artery ligation demonstrate important outcomes with regards to astrogliosis, neuronal cell death, and WMD. The gross neurological damage in this model resembles the findings on imaging studies of IUGR humans. The cognitive, motor, and behavioural outcomes associated with IUGR in human children are also replicated in animal models. For this reason, uterine artery ligation may provide a promising model for studies of diseases such as CP and other pathological outcomes of placental insufficiency in human infants. Emerging therapies for neurological damage associated with placental insufficiency should be tested in this model to evaluate outcomes of these treatments.
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